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Abstract
We present a novel method for the calculation of vibrational Raman optical ac-
tivity (ROA) spectra based on localized molecular orbitals. This allows to split total
ROA intensities into contributions of subsets, which can be chosen flexibly depend-
ing on the question of interest. It provides an appealing way to gain deeper insight
into the factors influencing chirality and associated bands observed in the spectrum.
As example, the ROA spectrum of a tryptophan model system, in particular the
band arising from its W3 vibration, has been investigated.
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1 Introduction
Localized molecular orbitals (LMOs) have been an active topic of research for decades
and proven to be very useful for efficient computation and analysis of compounds. They
can provide a comprehensive interpretation of the electronic structure and an intuitive
understanding of the nature of bonding and associated properties. Besides that, localized
molecular orbitals have been an important ingredient for reducing the computational effort
of, e.g., correlated wave function-based methods (for reviews, see Refs. [1–3]). Whereas
LMOs have a long-standing history in quantum chemistry, this approach has been ex-
tended to periodic systems later such as the concept of maximally localized Wannier
functions [4, 5] by Marzari and Vanderbilt in 1997.
Among the different applications of LMOs, elucidation of spectroscopic signatures has
been attractive, e.g. in order to study how they arise and what parts of a molecule de-
termine their behaviour. For chiral compounds, vibrational spectroscopy has been an
essential tool to investigate their structure and dynamics. For instance, the chiral variant
of Infrared spectroscopy, vibrational circular dichroism, has been regularly applied to the
study of molecules [6, 7]. The chiral variant of Raman spectroscopy, vibrational Raman
optical activity (ROA) [8–11], has become more popular rather lately. Recent progress
in this area encompasses, for example, the measurement of paramagnetic ROA [12], spec-
trometer for the deep-ultraviolet region [13], and first ROA spectra of chiral ionic liquids
using a combined experimental/computational approach [14]. Whereas proteins [15–22],
carbohydrates [23–25], and polymers [26, 27] have been studied more frequently (see re-
views in Refs. [28–32]), the field of chiral metal complexes is a relatively new field of
research [22, 33–36]. A review about ROA of coordination compounds and solids can
be found in Ref. [37]. Computational advances based on first principles have included
molecules-in-molecules fragment approaches [38], density fitting with massive parallel
calculations [33], coupled cluster [39], and Cartesian transfer [40] techniques as well as
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analytic calculation of ROA intensities [30, 41, 42], mode-selective (“intensity-tracking”)
methods [24, 43, 44], ROA spectra from ab initio molecular dynamics [45], and extension
to resonance with electronically excited states [34,46–48].
In order to gain insight into the contributions of certain atoms or group of atoms to ROA
signals, analysis employing group coupling matrices has been suggested by Hug [49].
This relies on partition of the derivatives of the ROA property tensors with respect to
nuclear coordinates of chosen atoms according to their contributions to the normal mode
of interest. Localization of normal modes for the investigation of larger systems has been
reported as well [15]. Complementary to that, the use of LMOs would allow another
direction in analysis of ROA bands since they make an a priori partitiooning of the
contributions of subgroups possible for the ROA property tensors themselves. Thus, a
fragmentation at the level of the derivatives with respect to nuclear coordinates/normal
coordinates is not required. Such an attractive computational approach using LMOs has
been presented for VCD already in the early days of its development, namely by Nafie
and Walnut in 1977 [50, 51]. In contrast to that, LMO-based ROA calculations have, to
the best of our knowledge, not been reported although the idea had been proposed by
Nafie and Freedman in 1981 [52].
In this manuscript, we present a computational approach for the calculation of ROA spec-
tra based on LMOs. We use density functional perturbation theory (DFPT) to efficiently
calculate the ROA property tensors. Moreover, we describe first LMO-based calculations
with tryptophan as example, which shows an easily detectable optical response in ROA
spectra and has been subject of previous investigations [53–57]. In particular, the intense
W3 vibration is further examined based on fragmentation of the molecule into subgroups
and their contributions to the overall ROA intensity. Besides potential future applications
of this approach for accurate calculation of challenging systems such as liquids and larger
compounds, the described methodology paves the way for novel insight into mechanisms
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determining ROA intensities.
The manuscript is structured as follows: First, the computational approach and underly-
ing theory are given in Section 2 followed by description of the computational methodology
in Section 3. Afterwards, its application to tryptophan is presented as well as a detailed
analysis of the W3 vibration in Section 4. A conclusion and outlook can be found in
Section 5.
2 Theoretical background
ROA intensities for the backscattering experimental set-up are given by [58,59]
(IR − IL)(180◦) ∝ β(G′)2 + 1
3
β(A)2 (1)
using the far from resonance approximation, i.e. no resonance with an electronic transition
(for (electronic) resonance ROA, see Refs. [34, 46, 47] for first calculations in this field).
We use the static limit ωL → 0 (with ωL being the angular frequency of the incident
light), and the anisotropic ROA invariants are obtained for non-metallic systems as [60]
β(G′)2 =
1
2
(3ααβG
′
αβ − αααG′ββ) (2)
β(A)2 =
1
2
ααβαγδAγ,δβ (3)
where summation over repeated Greek indices is implied. αγδ is the αγδ (Greek indices
indicate the Cartesian x/y/z directions) component of the (Levi-Civita) third-rank anti-
symmetric unit tensor. The αβ components of the electric-dipole–electric-dipole tensor α
and the electric-dipole–magnetic-dipole tensor G′ are given as ααβ and G′αβ, respectively,
and the γδβ component of the electric-dipole–electric-quadrupole polarizability tensor A
as Aγ,δβ. In the double-harmonic approximation [61], the ROA intensities are evaluated
using derivatives of the ROA tensor components with respect to normal coordinates. In
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molecular dynamics calculations, the ROA intensities can be obtained via time correlation
functions of tensor elements [45].
In order to obtain a local analysis in terms of LMOs, Kohn–Sham orbitals {|ψi〉} are
transformed to LMOs {|ψ˜l〉} via
|ψ˜l〉 =
∑
i
Vli|ψi〉 (4)
with the transformation matrix V. Wannier centers can be calculated for a periodic cubic
unit cell with length L (using the Γ point of the Brillouin zone only) via the maximally
localized Wannier function approach [4, 5] as
aWCα,l = −
L
2pi
Im lnsα,l = − L
2pi
Im ln
〈
ψ˜l
∣∣∣∣exp{−i2piL rα
}∣∣∣∣ ψ˜l〉 . (5)
rα is the α component of the position operator. For non-periodic systems, the center of
charge (ccharge) is obtained as
accl =
〈
ψ˜l |r| ψ˜l
〉
. (6)
We use the localization criterion of minimizing the sum of the quadratic spreads (Foster–
Boys) criterion in the non-periodic calculations [62–64], which corresponds to the Marzari–
Vanderbilt criterion for periodic systems [5, 64] (see also the derivation of local electric
dipole moments from periodic subsystem DFT in Ref. [65]).
We have recently described the efficient calculation of Raman [66] and ROA property
tensors via DFPT [45]. In order to obtain the ROA tensors in terms of LMOs, the DFPT
procedure has been modified accordingly. The unperturbed KS orbitals are localized via
the unitary transformation as described in Eq. 4 and we assume that this transformation
is sufficient for an analogous localization of the perturbed KS orbitals as well (we have
not applied a transformation matrix beyond zeroth order [67,68]).
Choosing a subset U and setting the gauge origin used for the calculation of the ROA
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polarizability tensors to the positions of charge centers {accs } leads to
αUαβ = focc
2
h¯
∑
s 6= t
s ∈ U
〈ψ˜(0)s |dα(accs )|ψ˜(j)t 〉〈ψ˜(j)t |dβ(accs )|ψ˜(0)s 〉
(ωt,j − ωs,0)
=
∑
s∈U
αsαβ (7)
αU,vαβ = focc
2
h¯
∑
s 6= t
s ∈ U
〈ψ˜(0)s |dvα|ψ˜(j)t 〉〈ψ˜(t)s |dvβ|ψ˜(0)s 〉
(ωs,t − ωs,0)3
=
∑
s∈U
αs,vαβ (8)
G′U,vαβ ({accs }) = −focc
2
h¯
∑
s 6= t
s ∈ U
〈ψ˜(0)s |dvα|ψ˜(j)t 〉〈ψ˜(j)t |mβ(accs )|ψ˜(0)s 〉
(ωt,j − ωs,0)3
=
∑
s∈U
G′s,vαβ ({accs }) (9)
AUα,βγ({accs }) = focc
2
h¯
∑
s 6= t
s ∈ U
〈ψ˜(0)s |dα(accs )|ψ˜(j)t 〉〈ψ˜(j)t |θβγ(accs )|ψ˜(0)s 〉
ωt,j − ωs,0
=
∑
s∈U
Asα,βγ({accs }) (10)
focc is the occupation number with values of 1 and 2 in the unrestricted and restricted
KS framework, respectively. h¯ is Planck’s constant divided by 2pi and (ωt,j − ωs,0) the
angular frequency difference corresponding to |ψ˜(j)t 〉 and |ψ˜(0)s 〉 of the excited and ground
state, respectively. dα(a
cc
s ) = −erα(accs ) (e: elementary charge) is the α component of
the electric dipole moment operator for the electrons in the length representation with
center of charge as coordinate origin. The dvα components of the electronic part of the
electric dipole moment operator in the velocity form are independent of the coordinate
origin. The electric-dipole–electric-dipole polarizability tensor α is origin independent for
neutral molecules both in the length and velocity form. mα(a
cc
s ) = − e2me αβγrβ(accs )pγ
(me: electron mass; pγ: γ component of momentum operator) indicates the α component
of the magnetic dipole operator and θβγ(a
cc
s ) the αβ component of the electronic part of
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the electric quadrupole operator in its traceless form (compare Ref. [45]).
Employing the magnetic dipole moment operator− e
2me
αβγrβ(a
cc
s )pγ as perturbation Hamil-
tonian in the DFPT calculation in principle requires additional uncoupled self-consistent
field DFPT calculations with the correction Hamiltonians − e
2me
αβγ(a
cc
β,t − accβ,s)pγ since
this perturbation is orbital dependent [69,70]. Tests however have shown that this has a
negligible contribution to the ROA intensities.
The tensors given in Eqs. (7) – (10) are origin independent in that sense that translation
of the molecule of interest does lead to the same ROA tensor values since the centers of
charge are also shifted accordingly. Nevertheless, calculating the ROA invariants with said
ROA tensors in this distributed origin gauge does not lead to meaningful ROA intensities.
The latter can be achieved by a common gauge origin.
Choosing the common gauge origin Rcom, the G′s,v({accs }) and As({accs }) tensors are
translated to the common gauge origin via
G′s,vαβ (R
com) = G′s,vαβ ({accs }) +
1
2
βγδ(a
cc
γ,s −Rcomγ )αs,vαδ
= G′s,vαβ ({accs }) + bs,vαβ({accs −Rcom}) (11)
Asα,βγ(R
com) = Asα,βγ({accs }) +
3
2
(accβ,s −Rcomβ )αsαγ
+
3
2
(accγ,s −Rcomγ )αsαβ − (accδ,s −Rcomδ )− αsαδδβγ
= Asα,βγ({accs }) + gsα,βγ({accs −Rcom}). (12)
Here, we have introduced bs,v({accs − Rcom}) and gs({accs − Rcom}). We will refer to
their contributions to the ROA intensities as gauge-translating contributions. The ROA
intensities arising from G′s,v({accs }) and As({accs }) elements will be denoted as ccharge-based
contributions in the following. The velocity form of the electric dipole moment operator
is used in the evaluation of the β(G′)2 invariant, which has been shown to provide origin-
independent results [33, 45]. The derivatives of the ROA tensors with respect to normal
coordinates and subsequently the ROA invariants are evaluated for computation of ROA
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intensities. For instance, the β(G′)2 contribution for normal mode Qk is obtained for the
ccharge-based contribution of subset U using
1
2
∑
s∈U
∑
i
[
3
(
∂Rmwiγ
Qk
)
0
(
∂αs,vαβ
∂Rmwiγ
)
0
(
∂G′s,vαβ ({accs })
∂Rmwiδ
)
0
(
∂Rmwiδ
Qk
)
0
−
(
∂Rmwiγ
Qk
)
0
(
∂αs,vαα
∂Rmwiγ
)
0
(
∂G′s,vαα ({accs })
∂Rmwiδ
)
0
(
∂Rmwiδ
Qk
)
0
]
. (13)
Summation over repeated Greek indices is implied. Rmw are mass-weighted nuclear coor-
dinates, the index i runs over the number of atoms. In an analogous way, the invariants
based on gauge-translating contributions can be calculated.
Using centers of charge and their assignment to e.g. certain atoms or subsets allows the
straightforward evaluation of ROA intensities for subsets chosen according to the question
of interest. Moreover, contributions can be split into the contribution originating from
the LMOs as gauge origins and their translation to the common gauge (or other gauges),
respectively.
This approach is different from the one proposed by Hug [49] where the ROA tensors
themselves are not split into subset contributions but their derivatives with respect to
normal modes. For example, the contribution of subset U to the β(G′)2 invariant for
normal coordinate Qk is obtained in this approach using
1
2
∑
i∈U
[
3
(
∂Rmwiγ
Qk
)
0
(
∂ααβ
∂Rmwiγ
)
0
(
∂G′αβ(R
com)
∂Rmwiδ
)
0
(
∂Rmwiδ
Qk
)
0
−
(
∂Rmwiγ
Qk
)
0
(
∂ααα
∂Rmwiγ
)
0
(
∂G′αα(R
com)
∂Rmwiδ
)
0
(
∂Rmwiδ
Qk
)
0
]
. (14)
Summation over repeated Greek indices is again implied. Here, α and G′(Rcom) tensors
are obtained in the usual way for the complete system with a common origin.
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3 Computational methodology
The ROA calculation based on localized molecular orbitals has been implemented into the
CP2K program package [71], extending our recent implementation for the calculation of
ROA spectra [45]. The presented calculations rely on the double-harmonic approximation
but the ROA tensors can be straightforwardly computed within an ab initio molecular
dynamics framework as well. We employ the Gaussian and plane waves method [72]
and Kohn–Sham DFT for the electronic structure with the BP86 exchange–correlation
density functional [73, 74]. The latter was successfully used in numerous previous calcu-
lations [15, 16, 18, 19, 47, 56, 75–77]. In addition, Goedecker–Teter–Hutter (GTH) pseu-
dopotentials [78–80] in combination with the aug-TZV2P-GTH basis sets were applied.
Broadening of the spectra was carried out using a Lorentzian band width with a full width
at half maximum height of 15 cm−1.
4 Analysis of tryptophan side chain
Tryptophan is an important molecule for many conformational studies and shows distinct
ROA properties. The optimized structure of N-acetyl-(S)-tryptophan-N’-methylamide
(1), which includes structural features of the protein backbone in addition to the trypto-
phan side chain [56], is shown in Fig. 1 as well as the corresponding calculated centers of
charge. As can easily be seen, the latter can be used to get an impression of the bonding
properties and free electron pairs (e.g the oxo of the carbonyl group) in the molecule.
The backscattering ROA spectrum is given in Fig. 2 together with the contributions
arising from the distributed gauge, i.e. using the centers of charge as gauge origins, and
translation to the common gauge (gauge-translating contributions). We use the origin of
the coordinate system as the common gauge. The intensities obtained from translation
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Figure 1: Optimized structure of N-acetyl-(S)-tryptophan-N’-methylamide (1) and calculated
charge centers (in pink).
C⍺
Cβ C3
C2
from the distributed to the common gauge origin provide the largest contribution to the
overall ROA intensity of most bands. ROA intensities from ROA property tensors with
the centers of charge as origin have mainly a significantly smaller contribution (see Fig. 2).
Contributions arising from mixed terms (not shown) of gauge-translating and ccharge-based
contributions play a negligible role for this system.
The strong W3 vibration of the indole ring of tryptophan has been in the focus of various
studies. Experiments suggested that the sign of the associated ROA band (experimentally
found at around 1550 cm−1) can be used to determine the absolute stereochemistry of
a tryptophan side chain [53–55]. Calculations confirmed that the sign of the band is
determined by the sign of the (C2C3CβCα) torsional angle (see Fig. 1): A positive torsional
angle leads to a positive W3 ROA signal whereas a negative angle gives rise to a negative
ROA band [56]. A correlation between the magnitude of the (C2C3CβCα) torsional angle
and the ROA band was not observed in the calculations for (1) [56].
The W3 vibration calculated at around 1525 cm−1, which is dominated by a stretching
vibration of the indole ring (in particular its five-membered part) and small contributions
of a twisting vibration of the CβH2 moiety, is the by far most intense band in Fig. 2. In
order to elucidate the origin of its high positive intensity, we have divided (1) into three
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Figure 2: Backscattering ROA spectra of (1): the complete spectrum, the ccharge-based contri-
bution resulting from the distributed gauge using centers of charge, and the one arising from
the translation of the distributed gauge to the common gauge (gauge-translating contribution).
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subsets (compare Fig. 3): One subset contains the CβH2 moiety (subset 2) whereas the
other subsets contain the indole ring (subset 3) and the remaining part of the molecule
(subset 1), respectively. The ROA intensities and invariants according to Eq. (2) were
evaluated for each subset using normal mode derivatives. Mixed contributions involving
two subsets U and J were generally calculated according to
β(G′)2UJ =
1
4
[
(3αUαβG
′J
αβ − αUααG′Jββ) + (3αJαβG′Uαβ − αJααG′Uββ)
]
β(A)2UJ =
1
4
[
αUαβαγδA
J
γ,δβ + α
J
αβαγδA
U
γ,δβ
]
(15)
where summation about repeated Greek indices is implied.
Analysing the subset ROA intensities calculated for the ccharge-based contributions to the
W3 band (see Fig. 3), it is obvious that the largest absolute intensity arises from the
coupling of subset 1 and 3, though with a negative sign (ca. -0.04 a.u.). The largest
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Figure 3: Partitioning of (1) into three subsets as well as the ROA backscattering spectra
arising from the three subsets; the labels refer to the number of subset(s), “1 and 2”, “1 and 3”,
and “2 and 3” are mixed contributions (for details, see text).
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positive intensities for the W3 band are obtained from subset 3 (roughly 0.02 a.u.) and
its coupling with subset 2 (approx. 0.01 a.u.). Other contributions are negligibly small.
Coming to the gauge-translating contributions, the coupling of subsets 2 and 3 gives now
rise to a negative intensity (ca. -0.04 a.u.). This is, however, prevailed by a positive
contribution from the coupling between subsets 1 and 3 (approx. 0.15 a.u.), which is by
far larger in absolute intensity than the corresponding negative ccharge-based contribution.
In contrast to that, subset 3 provides again a positive intensity amount (ca. 0.03 a.u.),
which is slightly higher than the above-mentioned part emerging from the centers of
charge gauge. All in all, the largest part of the final positive ROA intensity of the W3
band comes from the mixed contribution of subsets 1 and 3, which leads in total to a
significant positive contribution, and the positive amount resulting from subset 3. The
mixing of subsets 2 and 3 leads in total to a minor negative contribution whereas other
subsets and mixings thereof have a negligible influence. This demonstrates that the achiral
indole moiety plays an essential role for the ROA of the W3 band, which is in accordance
with findings using Hug’s decomposition analysis [56].
For a more detailed analysis of subset 3, it was divided into four subsets where three are
centered on the five-membered ring moiety only and the fourth one consists of the six-
membered ring (see Fig. 4). Selected contributions with largest (absolute) intensity for
the W3 vibration at ca. 1525 cm−1 are given in Fig. 4. The ccharge-based contributions are,
as already found above, dominated by the indole ring. It becomes clear that its coupling
to subset 1, in particular from C3 (subset 3 in Fig. 4) and the six-membered benzene ring,
gives rise to the largest part of the negative ROA intensity observed in Fig. 4. Minor
negative contributions (not shown) come from subset 1 and its coupling to subset 5 (NH
group) as well. The largest positive contributions originate from coupling within the indole
moiety, in particular from the NH group with C3 and the six-membered ring, respectively.
The ccharge-based contributions are, nevertheless, small compared to the larger (mainly
positive) intensity obtained from the gauge-translating contribution. Especially the large
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Figure 4: Division of (1) into six subsets as well as the ROA backscattering spectra arising from
the six subsets; labels refer to the numbers of subset(s), ”and” indicates mixed contributions
(for details, see text).
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positive amount from the mixed contribution of subsets 1 and 6 (see right-hand side of
Fig 4) and, to a smaller amount, from coupling of C3 and the six-membered ring overall
determines the observed strong positive band for the W3 vibration.
In order to explore contributions from subset 1 given in Figs. 3 and 4, we have divided
this subset in five subgroups (see Fig. 5): COCH3, NH, CH, CO, and NHCH3. The
most intense contributions from this fragmentation are visualized in Fig. 5. The coupling
with the indole ring (subset 7 in Fig. 5) is again the dominating part as well as the
contribution from subset 7 itself, which gives rise to remarkable positive intensities both
for the ccharge-based and gauge-translating parts. Mixed contributions from the above-
mentioned subgroups with the indole ring lead to negative ccharge-based intensities, in
particular for subgroup 1 (COCH3) and 2 (NH) (approx. 0.01 a.u.) followed by subgroup
3 (CH) with about 0.008 a.u. and subgroup 4 (CO) providing ca. 0.005 a.u. This is
contrary to subset 6 (CH2), whose ccharge-based intensity coming from mixing with the
indole ring is positive. Yet, the corresponding gauge-translating intensity is significantly
negative so that in total a negative contribution to the W3 band arises for the coupling
of subsets 6 and 7. Coupling of the indole ring with other subgroups, as shown in Fig. 5,
leads to positive gauge-translating contribution. Especially the mixed contribution from
subsets 1 and 7 as well as from 3 and 7 give a significant positive intensity to the final
band intensity of more than 0.05 a.u. (and to a smaller amount, coupling of subsets 2
and 7 and also 4 and 7). Subset 5 (NHCH3) obviously plays a negligible role. Adding
the ccharge-based and gauge-translating intensities, the only negative contribution to the
W3-band intensity arises from coupling of the (CH2) moiety (subset 6) and the indole
ring whereas coupling of the latter with other subsets provides overall positive intensities.
The highest total positive contribution comes from the indole ring itself.
This makes clear that not necessarily the chiral center and its coupling to other parts of
the molecule completely determine the ROA intensity of a band. Instead, an (achiral)
16
Figure 5: Partitioning of (1) into seven subsets as well as the ROA backscattering spectra
arising from this partitioning; the labels refer to the number of subset(s), ”and” indicates mixed
contributions (for details, see text).
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part of a molecule and its couplings to other parts, even if they are not directly adjacent
to each other (such as subsets 1 and 7 in Fig. 5), can have a decisive influence.
5 Summary and Outlook
We have presented the first vibrational Raman optical activity calculations based on lo-
calized molecular orbitals. Our approach uses computationally efficient density functional
perturbation theory for the calculation of the ROA property tensors. Localized molecular
orbitals have been obtained utilizing the Foster–Boys criterion and center of charges de-
rived thereof but the approach is not limited to this criterion. It has been demonstrated
17
that a distributed gauge using the centers of charge as origins is not sufficient to obtain
meaningful ROA intensities but translation to a common gauge overcomes this issue. In-
vestigation of the contributions arising from the centers of charge and translation to a
common gauge for a tryptophan side chain model has shown that the latter provide the
dominating intensity contributions whereas the former lead to remarkably lower absolute
intensities for most bands in the spectrum.
The localization of orbitals allows in a straightforward way to divide the compound of
interest into subsets, for which contributions to the total observed ROA intensities can be
calculated. This approach allows an a priori fragmentation of the ROA property tensors,
which is different from previously proposed analysis techniques based on partitioning
of derivatives with respect to nuclear coordinates belonging to specific atoms. As an
example, we have investigated a model for a tryptophan side chain, in particular its W3
band. Splitting into subset contributions showed that the the strong positive W3 band is
largely influenced by the (achiral) indole ring as well as its coupling to other parts of the
molecule, in particular not adjacent ones such as the distant COCH3 group. This makes
clear that the ROA intensity is not necessarily a very local property determined by the
chiral center only.
The described computational approach is an attractive way for novel analysis of Raman
optical activity and insight into its origin, contributions arising from local properties such
as centers of charge, subsets chosen depending on the question of interest and couplings
thereof. This will be especially valuable for large and more involved compounds such as
proteins, coordination complexes, and challenging liquids. In addition, this methodology
offers an efficient way for calculation of complex systems and may be extended to periodic
boundary conditions using maximally localized Wannier functions.
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